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Introduction - Deuterium -
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Introduction - Gas vs Grains -
Multiply deuterated species : 
H3+ (H2D+, D2H+, D3+)
Methanol (CH2DOH, CHD2OH, CD3OH)
Ammonia (NH2D, NHD2, ND3) 
Formaldehyde (HDCO, D2CO)  
Hydrogen Sulfide (HDS, D2S)
Thioformaldehyde (HDCS, D2CS)












First identification in 1985 (Thaddeus et al.)
First detection of c-C3HD in 1986 (Bell et al.)
HIGH DEUTERATION : 
c-C3HD/c-C3H2 ≅1/5 in TMC-1 (Gerin et al., 1987)
Introduction - c-C3H2 -
3.27 Debye






What makes c-C3H2 unique?
✴ Widespread
✴ Possibility of double deuteration
✴ Solely gas phase chemistry
Empirical equilibrium structure of c-C3H2






Laboratory detection of c-C3D2

























Figure 2. Closely spaced ortho/para doublet of c-C3D2 near 233 GHz
illustrating the distinctive 2:1 intensity ratio. Owing to the modulation scheme
employed, the instrumental line shape is approximately the second derivative of
a Lorentzian. The total integration time was 58 minutes.
not easily maintained at reduced pressure, i.e., it is difficult to
optimize the mole fractions of the component gases, which can
range over a factor of 10 or more at low flow rates (!10 cm3 s!1
at a typical pumping speed of "10 l/s).
Millimeter-wave lines of c-C3D2 were observed with the
same spectrometer as that in the normal species. Deuterated
cyclopropenylidene was produced in a DC discharge (100 mA)
through DCCD, CO, and Ar in a molar mixture of 3:2:1 at a
pressure of 16 mTorr, with the walls of the discharge cell cooled
to 150 K. Prior to the work here, c-C3D2 had not been ob-
served in the millimeter band, so the initial search was guided
by frequencies calculated with spectroscopic constants derived
from the centimeter-wave measurements (see Section 4.3.1).
Unambiguous assignment of the first few lines was established
by observing the ortho/para doublets at 178.3, 205.7, and
233.1 GHz with the predicted separation in frequency and
2:1 ratio in intensity (see Figure 2), i.e., we adopted the same
search strategy as that used in the initial identification of
c-C3H2 (Thaddeus et al. 1985). We then identified transi-
tions with higher Ka that are somewhat weaker, and whose
ortho/para components are much farther apart in frequency.
We did not attempt to observe the Lamb-dip components in
c-C3D2, owing to the lower concentration and four times higher
pressure in the discharge through DCCD/CO/Ar than in the
discharge through allene and Ar.
3. QUANTUM CHEMICAL CALCULATIONS
Prior to this work there had been a number of quantum chem-
ical calculations of c-C3H2, including some fairly recent ones
(Vázquez et al. 2009; Lee et al. 2009, and references therein).
After our initial detection of several isotopic species in the labo-
ratory, supporting high-level quantum chemical calculations of
the equilibrium structure, force field, and hyperfine constants
were undertaken. The calculations were done with the coupled-
cluster single and double models augmented by the perturbative
treatment of triple excitations (CCSD[T]; Raghavachari et al.
1989). We used the 2005 Mainz–Austin–Budapest version of
acesii and its successor cfour (Stanton et al. 2005), with Dun-
ning’s hierarchies of correlation consistent polarized valence
and weighted polarized core-valence basis sets (Dunning 1989;
Peterson & Dunning 2002). Equilibrium geometries were cal-
culated using analytic gradient techniques (Watts et al. 1992).
The best theoretical structure was obtained at the CCSD(T)/cc-
pwCV5Z level of theory, considering all electrons (ae) in the cor-
relation treatment. Harmonic and anharmonic force fields were
calculated at the ae-CCSD(T)/cc-pwCVQZ level using analytic
second-derivative techniques, followed by additional numeri-
cal differentiation to calculate the third and fourth derivatives
needed for the anharmonic force field (Stanton & Gauss 2000).
To aid assignment of the hfs in the centimeter-wave spectra of
the carbon-13 species of c-C3H2, nuclear spin-rotation constants
were calculated at the CCSD(T)/cc-pwCVQZ level for the
theoretical equilibrium structure in Figure 1 in combination with
perturbation-dependent basis functions (Gauss et al. 1996).6
4. SPECTROSCOPIC ANALYSIS
The rotational spectra of isotopic c-C3H2 were analyzed with
a standard Hamiltonian for an asymmetric top with one or two
nuclear spins (Pickett 1991). For the three singly substituted
isotopic species, the coupling scheme is F = J + I(13C or D).
For the 13C isotopic species of c-C3HD, the coupling scheme
F1 = J + I(D), F = F1 + I(13C) (1)
was adopted, owing to the relative magnitude of the D and 13C
magnetic hyperfine interactions. Of these six isotopic species,
only c-HC13CCH has C2v symmetry and ortho/para symmetry
with relative statistical weights of 3:1 like c-C3H2.
Owing to the two equivalent off-axis bosons in c-C3D2, we
used the coupling scheme
IT = I(D1) + I(D2), F = J + IT. (2)
Cyclic C3D2 has C2v symmetry and ortho/para symmetry,
where levels with KaKc = oe, eo have statistical weight 1
and those with KaKc = oo, ee statistical weight 2, providing a
distinct spectroscopic signature that aided the identification of
the millimeter-wave transitions (see Section 2.2).
Table 1 summarizes the species studied, the number of tran-
sitions and observed hyperfine components, and the precur-
sor gases. At least four transitions were measured in the cen-
timeter band for all but c-HC13CCH. Only two transitions of
c-HC13CCH are accessible with our FTM spectrometer, be-
cause it lacks an a-type spectrum owing to the C2v symme-
try. Five strong b-type transitions of c-C3D2 are accessible,
owing to the heavier mass and therefore smaller rotational
constants A and B.
The measured millimeter-wave rotational lines of c-C3D2 and
all measured lines of c-C3H2 are in Table 2. The spectroscopic
constants for c-C3HD are given in Table 3, the singly substituted
carbon-13 species in Table 4, c-C3D2 in Table 5, and the carbon-
13 substituted c-C3HD species in Table 6. Centimeter-wave
measurements of c-C3D2 are in Table 7, c-C3HD in Table 8, the
singly substituted carbon-13 species in Tables 9 and 10, and the
carbon-13 substituted c-C3HD species in Tables 11–13.
6 For a full discussion of the strategy employed here and a list of references,
see the recent review by Puzzarini et al. (2010).
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Figure 4. The 10,1 ! 00,0 transitions of c-C3HD (left) and c-HCC13CD (right) showing resolved hyperfine structure. Shown beneath the observed spectra are stick
diagrams calculated with the spectroscopic constants in Table 3 or 6, and synthetic spectra with experimental Doppler splittings and line widths. The integration time
was 4 minutes for c-C3HD and 45 minutes for c-HCC13CD.
(A color version of this figure is available in the online journal.)
Table 3
Spectroscopic Constants of c-C3HD
Constant Centimeter-wavea Millimeter-wave Spaceb
(This Work) (Bogey et al. 1987)









106"J . . . 0.0
106"JK . . . 2.405(44)
106"KJ . . . "4.39(16)
106"K . . . 2.66(20)
106"J . . . 0.2225(73)
106"JK . . . "0.88
106"K . . . 3.706(88)
Nuclear quadrupole coupling constants (in kHz):
103#aa(D) 186.0(43) . . . 180.9(13)
103#bb(D) "83.2(49) . . . "93.4(22)!
#2$ 1.19 . . .
Notes. The 1% uncertainties (in parentheses) are in the units of the last significant
digits. #2$ is the reduced #
2 of the fit.
a Constants derived from measurements in Table 8. Quantities in brackets were
constrained to the measured constants in Bogey et al. (1987).
b Hyperfine constants derived from a spectrum observed in the narrow-line
source L1498 (Bell et al. 1987).
4.3.2. Carbon-13 Isotopic Species of C3HD
Because the carbon-13 species of C3HD lack C2v symmetry,
both a- and b-type transitions are allowed. All three isotopic






















Figure 5. The 11,0 ! 10,1 transition of c-C3D2 observed at high spectral
resolution. Shown beneath the observed spectrum is a stick diagram calculated
with the spectroscopic constants in Table 5, and a synthetic spectrum with
experimental Doppler splittings and line widths. The integration time was
4 minutes.
(A color version of this figure is available in the online journal.)
species were measured in the centimeter band (Tables 11–13).
The lower rotational transitions are generally split into three
strong components by deuterium hfs (of order 100 kHz) and i
turn by c rbon-13 hfs, which is generally smaller by about a
factor of five or more, as the sample spectra in Figure 4 show.
The 11,0 ! 10,1 transition is sufficiently strong that weaker
(!F #= !J ) transitions were observed. In the absence of blended
lines, seven to nine hyperfine components in this transition
6
110-101 transition near 17 GHz
Fourier Transform microwave spectrometer
(8 - 40 GHz)
Ortho-para doublet near 233 GHz
Double p ss bs rption sp trometer
(200 - 320 GHz)
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36 h observing time, end of September
Sources: starless cores TMC-1C and L1544
EMIR receivers in E090 configuration
Lines observed: 
c-C3H2 @ 84 and 85 GHz
c-13C3H2 (off axis) @ 84 GHz
c-C3HD@ 95 and 104 GHz
c-C3D2 @ 94, 97 and 108 GHz
Frequency switching mode
FTS spectrometer with 50kHz resolution 
(0.015 km s-1 at 3mm)
IRAM 30 m telescope
Pico Veleta (Spain)
Observations






















• All favourable transitions 
of c-C3D2 available in the 
covered frequency range 
have beeen detected
• The rest frequencies 
employed have laboratory 
accuracy, and in both 
sources the line shapes and 
velocities are in agreement 
with each other 







Table 1. Abundance ratios of deuterated molecules in TMC-1C and L1544
TMC-1C L1544
[c-C3D2]/[c-C3H2] (0.4 - 0.8)% (1.2 - 2.1)%
[c-C3D2]/[c-C3HD] (3 - 15)% (7- 17)%





aBacmann (2003), bTiné (2000), cCaselli (2002), dShah (2001)
Results
Spezzano et al., ApJL (2013)
D/H ratio of C3H2 in prestellar cores was calculated cores using the network model of Aikawa et al 
(2012) 
Physical structure of the core: collapsing core model of Aikawa (2005) and also a static model of  
L1544 from Keto and Caselli (2010)
For CO depletion factors consistent with those of the 2 objects the calculated column density ratio of 
C3D2/C3H2 is ~10-2
There is no need for any reaction on grains to account for the observed D/H ratio: the deuteration of 
cyclopropenylidene can be solely explained by gas phase reactions
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proton/deuteron transfer SLOW PROCESS
dissociative recombination with e- FAST PROCESS






✦ First interstellar detection of doubly deuterated 
cyclopropenylidene
✦ c-C3D2 ideal probe for the study of gas phase deuteration 
reactions
✦ High resolution spectroscopy was a prerequisite for the 
astronomical detection
Summary






✦ First interstellar detection of doubly deuterated 
cyclopropenylidene
✦ c-C3D2 ideal probe for the study of gas phase deuteration 
reactions





✦ Spectroscopy of isotopic species of C3H3+
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Column densities and optical depth have been calculated in the following way 
Aul and Bul : Einstein coefficients 
Qrot(T) :  partition function at given T
gu : degeneracy of the upper level
Tex (TMC-1C) = 7 K
Tex (L1544) = 5 K
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where J(T ) = hνk (e
hν
kT − 1)−1 is the source function in Kelvin. The upper state column














where k is the Boltzmann constant, ν is the frequency of the line, h is the Planck constant,
c is the speed of light, Aul is the Einstein coefficient of the transition, ∆ν is the full width at
half maximum, gu is the degeneracy of the upper state, Eu is the energy of the upper state,
Qrot is the partition function of the molecule at the given temperature Tex. Tex, Tbg, Tmb
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